Momentum-resolved inelastic resonant x-ray scattering is used to map the doping evolution of bulk electronic modes in the doped Mott insulator class Nd 2−x Ce x CuO 4 . As the doping induced antiferromagnet/ superconductor ͑AFM/SC͒ transition is approached, we observe an anisotropic redistribution of the spectral weight of collective excitations over a large energy scale along the ⌫ → ͑ , ͒ direction, whereas the modes exhibit broadening ͑ϳ1 eV͒ with relatively little softening along ⌫ → ͑ ,0͒ with respect to the parent Mott state ͑x =0͒. Our study reveals a closing of the charge gap in the vicinity of the zone center even though the mode softening and spectral redistribution involve an unusually large energy scale over the full Brillouin zone. The collective behavior of modes in the vicinity of the AFM/SC critical transition is demonstrated. DOI: 10.1103/PhysRevB.78.073104 PACS number͑s͒: 78.70.Ck, 74.20.Mn, 74.25.Jb, 74.72.Ϫh The evolution of a strongly correlated material with doping-from a Mott insulator to a conducting metal-is one of the most intensively studied issues in modern condensed matter physics. This fascinating evolution has proven to be full of surprises, such as the appearance of high-T c superconductivity, non-Fermi liquid behavior, and nanoscale phase separation. 1 Mott insulators often exhibit phase transitions upon doping, which are signaled or hallmarked by the softening or redistribution of the spectral weight of collective charge or spin modes. The behavior of spin modes has been extensively investigated via neutron scattering.
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2 Although charge excitations near the Brillouin zone ͑BZ͒ center can be accessed by optical techniques, 3 their behavior with momentum over the full BZ remains largely unexplored. Here, as demonstrated in recent experimental 4, 5 and theoretical studies, 6 ,7 inelastic x-ray scattering provides such a unique opportunity. While previous studies have focused largely on either undoped one-dimensional 8 or two-dimensional 4,5 insulators, or hole-doped superconductors, 9 Mott insulators can be doped with electrons as well. In fact, it appears that with electron doping, cuprate bands evolve in a much more straightforward and systematic manner [10] [11] [12] [13] [14] than with hole doping. A limited previous work 15 that focused on a superconductor with a fit to the one-band theory does not provide insights into the way the collective modes of a nonsuperconducting Mott insulator evolve into a superconductor wherein the high-energy excitations of the Mott insulator are intimately connected to the lower-energy physics of the superconductor. Here, we report a high-resolution study of the evolution of the collective charge excitations of the Mott insulating state ͑x =0͒ with electron doping in approaching the critical antiferromagnet/superconductor ͑AFM/SC͒ transition. Our finding, which was made possible by studying the doped insulating states, is that as the electron-doping induced AFM/SC transition is approached from the x = 0 Mott side, the system exhibits anisotropic softening of the excitations over a large energy scale ͑ϳ5 eV͒ along the ⌫ → ͑ , ͒ direction, whereas the modes exhibit broadening ͑ϳ1 eV͒ with relatively little softening along ⌫ → ͑ ,0͒. Our results suggest that a multiband Hubbard model is essential to describe the evolution from the x = 0 Mott state to the superconductor since the high-energy and the low-energy excitations evolve into one another. Moreover, our results show that the evolution of the Mott physics of an electron-doped cuprate is dramatically different from that previously reported in hole-doped cuprates. 9 The electronic structure of Nd 2−x Ce x CuO 4 ͑NCCO͒ has been studied by angle-resolved photoemission ͑ARPES͒ and optical spectroscopies. ARPES studies 16 have found that the electrons directly dope into the bottom of the upper Hubbard band and yield small Fermi surface ͑FS͒ pockets, with a crossover around optimal doping to a large FS. Such a scenario, wherein the magnetic order remains commensurate without signs of "stripe" ͑charge inhomogeneity͒ or other phase separation, also describes magnetization 13, 17, 18 and optical data. 19 The experiments were performed at CMC-CAT beamline 9-ID-B at the Advanced Photon Source. Resonant inelastic x-ray scattering ͑RIXS͒ at the copper K edge allows a large enough momentum transfer to cover several BZs. The scattered photon energy was measured by using a diced Ge ͑733͒ crystal analyzer, and the intensity was recorded by a solid state detector. The overall energy resolution was set to about 0.37 eV in order to improve count efficiency, enabling us to detect the fine momentum-dependent details of the spectra. All data were taken at room temperature. To avoid possible polarization induced artifacts when measuring the in-plane anisotropy, the sample was mounted with the incident polarization directed along the c axis ͓Fig. 1͑a͔͒. The data were collected at several values of the momentum transfer vector q = k i − k f in the second BZ along the ͓100͔ direction and in the fourth BZ along the ͓110͔ direction. We carefully set the q z component to zero to avoid contamination of unwanted and spurious dd modes that mix with the Mott gap excitations. We first examined the detailed incident energy dependence of the loss spectra at several momenta. Representative data sets are presented in Fig. 1 . It is known that the chargetransfer gap excitations resonate near the absorption peaks. 9 A similar resonance behavior is seen in NCCO x = 0, which is similar to that in the more extensively studied La 2−x Sr x CuO 4 . 9 However, the scattering intensity at the lowenergy branch is about an order of magnitude weaker. Our systematic investigations that are summarized in Fig. 1 show that a similar shape of the resonance profile is seen for the lower-energy excitations in the electron-doped system. Accordingly, we employed a photon energy of 8.982 keV ͑this energy is above the 1s − Ͼ 3d edge that suppresses crystalfield excitations 20 ͒. Figure 2 summarizes our RIXS data on NCCO. In the undoped system in Fig. 2͑a͒ , a broad excitation is observed near the zone center around 2 eV with an onset energy of Ϸ1 eV, which is consistent with the charge-transfer gap found in this compound in optical studies. 21 It is seen to lose intensity as it approaches the zone corner along the ͓ , ͔ direction as well as the ͓ ,0͔ direction ͓Fig. 2͑a͔͒. Along ͓ , ͔, it merges at the zone corner with a higher excitation band near 5 eV that disperses upward. With doping, these two high-energy branches split at ͑ , ͒, as seen in Figs. 2͑b͒ and 2͑c͒, but only the lower-energy branch significantly softens ͑i.e., moves to a lower energy͒, so that the overdoped system in Fig. 2͑c͒ displays a large excitation gap at the ͑ , ͒ point from 2 to 4 eV. In sharp contrast, the aforementioned 2 eV branch uniformly evolves along ͓ ,0͔ and rapidly softens near the zone center as it tends to close the excitation gap with doping. Notably, the zero-loss energy is not accessible due to the presence of the strong quasielastic peak ͓see, e.g., Fig. 1͑h͔͒ , making it difficult to extract significant data below Ϸ0.4 eV, where the fitting and subtraction of the quasielastic peak leads to uncertainties. Nevertheless, the softening of the low-energy excitations is evident in the data over the BZ.
The preceding observations are further highlighted through the directly measured data curves presented in Fig.  3 . Doping dependent changes in the individual energy-loss curves are compared in Fig. 3͑a͒ . Along ͓110͔, doping splits the peak in the undoped spectrum around 5 eV at ͑ , ͒ ͓red uppermost curve on the left side of Fig. 3͑a͔͒ into two peaks, and the lower of these peaks rapidly softens with doping. In contrast, along ͓100͔ a monotonic softening of the lowenergy excitations is found. However, our work does not rule out a spectral weight transfer at lower energies. The changes in the positions of various spectral features and some of the FIG. 1. ͑Color online͒ Incident energy dependence of electronic excitations. ͑a͒ Vertical scattering geometry employed with an x-ray field along ͓001͔. ͓͑b͒ and ͑c͔͒ X-ray energy dependence of inelastic excitations for Nd 2 CuO 4 and La 2 CuO 4 . The Q values are chosen to minimize the large quasielastic background. ͓͑d͒-͑g͔͒ Excitations near the Mott gap are seen to be enhanced near the first absorption peak, not only in the undoped insulator but also in the doped system. A few energy-loss curves corresponding to the data images in ͑f͒ and ͑g͒ are shown in ͑h͒ and ͑i͒. The red ͑dark gray͒ curves show the fits to the quasielastic data. 
= 0.14 ͑superconductor͒. The upper row shows intensity maps in the reduced zone by using a color scheme wherein high intensity is denoted as red ͑dark gray͒ and low intensity as blue ͑black͒. The black, gray, and white dots are guides to the eye for the dispersion of low-, medium-, and high-energy excitation branches, respectively. The lower row gives a few representative spectra corresponding to the images in the upper row. Absolute momentum values ͑in units of / a o ͒ are shown attached to various spectra and lie in the fourth BZ along ͓110͔ and the second BZ along ͓100͔. FIG. 3. ͑Color online͒ ͑a͒ Spectral curves ͑raw data͒ along ͓110͔ and ͓100͔ for the undoped system ͓red ͑dark gray͒ squares͔ are compared at various momenta to the corresponding spectra for the doped system ͓black circles and green ͑gray͒ diamonds͔. ͑b͒ The positions of peaks ͓marked in Figs. 2͑a͒-2͑c͔͒ based on the center of gravity method ͑Refs. 4 and 8͒ of various spectral features ͑filled symbols͒ and some of the associated leading edges ͑open symbols͒ as a function of momentum and doping are plotted. associated leading edges are plotted in Fig. 3͑b͒ as a function of momentum and doping. The upper branches around 5-6 eV are seen to be weakly affected by doping. Despite significant softening of one of the modes around ͑ , ͒, the closing of the excitation gap is limited to the region of the zone center as one approaches the superconducting phase ͑x = 0.14͒. These results are in clear contrast to the behavior in hole-doped cuprates such as the La 2−x Sr x CuO 4 or the YBa 2 Cu 3 O 7+d series. 9 To interpret the present data in terms of RIXS spectra computed within the framework of a three-band Hubbard Hamiltonian of NCCO, based on Cu d x 2 −y 2 and two O p orbitals, we extend the theoretical framework described in Ref. 7 by incorporating the doping evolution data made available here. The specific values of the parameters used in this work to fit the spectra are t CuO = 0.85 eV, t OO = −0.6 eV, ⌬ 0 = −0.3 eV, and U p = 5.0 eV, where t CuO and t OO are the Cu-O and O-O nearest neighbor hopping parameters, n d ͑n p ͒ is the average electron density on Cu ͑O͒, m d is the average electron magnetization on Cu, and U ͑U p ͒ is the Cu ͑O͒ on-site Coulomb repulsion. The remaining parameter, crucial for fitting the doping evolution of the excitations, the Hubbard U, is taken to be 7.45 eV at x = 0 with a weak doping dependence: U = 6.69 eV at x = 0.09 and U = 6.27 eV at x = 0.14, so that the effective U decreases by about 16% over this doping range, presumably reflecting the effects of screening. We note that before proceeding with RIXS computations, we self-consistently determined the chemical potential and the magnetization m d on Cu sites at each doping level. The m d values so derived were 0.32 at x = 0, 0.19 at x = 0.09, and 0.12 at x = 0.14. Figure 4 ͑top͒ shows the calculated RIXS intensity maps. The positions of various experimentally observed spectral peaks ͑filled circles͒ and the leading edge of the low-energy feature ͑filled diamonds͒ are superposed for ease of comparison. The high-energy peaks involve transitions from the nonbonding O and bonding Cu-O bands to unoccupied states in the antibonding band, and fall in the same energy range as transitions involving other Cu and O orbitals that are not included in the present three-band model. Therefore, it is appropriate to concentrate on the behavior of RIXS peaks within a few electron volts, which are associated with the antibonding Cu-O band, which is split by antiferromagnetic ordering. In this energy region, the theoretically predicted changes in the energies of various features as a function of momentum and doping are in reasonable accord with experimental observations highlighted in the discussion of Figs. 2 and 3 above. In particular, the softening of low-energy peaks is well reproduced and the closing of the gap occurs near ⌫. The latter effect can be readily understood. The RIXS transitions involve both intraband and interband contributions. In the absence of a gap, only intraband transitions are possible near ⌫, which can only exist near a zero-energy transfer close to the Fermi level. Away from ⌫, intraband transitions can take place at finite energies, but when a gap opens up, interband transitions become allowed, even at ⌫.
23
Although the computed maps in the top row of Fig. 4 are shown unbroadened to highlight spectral features, the theoretical spectra shown in the bottom panels of Fig. 4 ͓blue ͑black͒ lines͔ have been smoothed to mimic the broadening of experimental lineshapes. 22 The relative intensities of the computed peaks are seen to be in agreement with our experimental results in lower energies 24 except in the momentum region near the ͑ , ͒ point, where both the experimental and the theoretical intensities are weak, but the computed cross section is smaller. A similar behavior is seen in the La 2−x Sr x CuO 4 series. 9 Excitonic effects associated with longer range Coulomb coupling ͑intersite V͒ beyond that included in our model computations could enhance and redistribute the spectral weight near zone boundaries. 25 The lowenergy, gap-edge dispersion relations ͑E vs q͒ are in agreement as seen from the top rows of Figs. 4͑a͒-4͑c͒. 23 In Fig. 5͑b͒ , we plot the doping dependence of the leading-edge gap ͑edge, filled squares͒ and peak position ͑peak, white diamonds͒ of the lowest branch at ⌫. ͓Since quasielastic scattering makes it difficult to obtain experimental data right at ⌫, these values are found by extrapolation from nearby points, as shown in Fig. 5͑c͒ .͔ Within the experimental uncertainties, the gap closes in the vicinity of the ⌫ point as one approaches the critical doping regime in the phase diagram. For comparison, in Fig. 5͑b͒ , we also show ⌬ m = Um d , which is the antiferromagnetic-correlation gap 7, 10 based on our present calculation ͑filled circles͒ and the corresponding single particle spectrum ͑SPS͒ 10,26 results ͑tri-angles͒, which are seen to be in agreement. In general, our analysis suggests that the anisotropic softening involving a large energy scale observed near the Mott insulating state requires going beyond the one-band model.
In conclusion, we have utilized the unique momentum resolution of x-ray scattering to map the evolution of particle-hole excitations in the electron-doped cuprate from its parent Mott state ͑x =0͒ to the doping onset for superconductivity. We observe a nearly degenerate charge excitation mode near the ͑ , ͒ point around 5 eV in the Mott insulator, which splits on doping away from half-filling, with its lowerenergy branch anisotropically softening in approaching the AFM/SC critical doping. In contrast, the response near the ͑ ,0͒ wave vector exhibits damping with relatively little softening. Our results indicate the importance of multibandcorrelation structures in the collective charge dynamics of Mott insulators when electrons are added into the parent Mott state, which is in clear contrast to what is observed in hole-doped Mott insulators.
We gratefully acknowledge P. W. Anderson, N. P. Ong, and T. Tohyama for discussions and T. FIG. 5. ͑Color online͒ ͑a͒ Schematic temperature-doping ͑T-x͒ phase diagram of NCCO. ͑b͒ The leading-edge gap ͑filled squares͒ and peak positions ͑white diamonds͒ of the lowest-energy excitation branch in RIXS data at the ⌫ point are compared to antiferromagnetic-correlation gap ⌬ m from the present calculation ͑filled circles͒ and from SPS ͑triangles͒ ͑Ref. 10͒ as a function of doping. ͑c͒ The excitation modes ͑branches͒ are fitted and extrapolated to the ⌫ point ͑0,0͒ based on the branch curvatures to extract the data points presented in ͑b͒. The peak positions correspond to markings in Figs. 2͑a͒-2͑c͒ and the leading edges are extracted from data presented in Fig. 3 .
